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ABSTRACT
Activated carbon was produced from carbonized North Dakota lignite 
using carbon dioxide as an activating agent. A range of carbonizing 
temperatures, activation temperatures and residence times were investi­
gated. Activated carbons produced were compared to commercial 
activated carbons using iodine and methylene blue adsorption tests and 
the heat of wetting test.
Carbons were produced that adsorbed nearly the same amount of 
methylene blue as the commercial carbons, Darco G-60 and Norit A.
The methylene blue adsorption by the best carbons (C63 and C83)
was superior to that for the commercial carbons, Calgon Cal and Linde LCK.
An acid washed carbon (C83) had an iodine adsorption comparable 
to Darco G-60 and better than Calgon Cal but inferior to that for Norit 
A and Linde LCK.
Analysis of variance using a Latin square design indicated that 
temperature of activation, temperature of carbonization, and residence 
time were significant at a 0.05 level for an activation temperature range 
of 1450 to 2050 °F, carbonization temperature range of 900 to 1350 °F, 
and residence times of 15, 30, 45, and 60 minutes.
A 15 percent carbon dioxide-85 percent nitrogen mixture was used 
for the activation of carbonized lignite. The mixture was used to 
simulate flue gas and to investigate the possible use of flue gas as 
an activating agent. The carbons produced had relatively low activity 
when compared to samples activated with only carbon dioxide.
The production of a granular activated carbon from pressed
ix
pellets of a mixture of lignite and bentonite produced carbons with 
durability of 14.1 to 71.1 percent breakage compared to the breakage 
of 0.2 to 1.5 percent for the commercial granular carbons and 
7.2 percent for a granular North Dakota activated carbon.
The removal of ash by mineral acids increased the adsorption 
of iodine of the best carbon (sample C83) 24 percent but had little 
effect in the adsorption of methylene blue.
x
INTRODUCTION
The use of carbon dioxide as an activating agent could be of major 
importance in the preparation of activated carbons for use in waste water 
treatment. The waste water to be treated could result from processes 
such as coal gasification. These processes could also be a source of 
large quantities of carbon dioxide, available as a waste gas. Flue 
gases from coal-fired electrical generating stations could also be a 
source of carbon dioxide, but at a relatively low concentration.
Activated carbon or "charcoal" is any amorphous form of carbon 
that has been specially treated to increase adsorptive capacity. Wood, 
peat, lignite, bituminous coal, coconut and pecan shells, and petroleum- 
based residues have served as raw materials from which activated carbons 
have been produced.
Proposed regulations by the Environmental Protection Agency would 
limit concentrations of trihalomethanes in drinking water (1). One of the 
methods to meet this standard would be to utilize an activated carbon 
treatment. Such treatment may also be of importance in the processing of 
industrial waste water primarily to remove and possibly recover organic 
chemicals. Development of these applications could provide a significant 
increase in the demand for activated carbon.
Activated carbons are manufactured by either high-temperature oxi­
dation or lower temperature chemical hydration and/or chemical reaction 
followed by washing and drying. Many factors influence the amount of 
organic or inorganic substances an activated carbon will adsorb. In general, 
inorganic materials are not adsorbed by activated carbons but there are
I t
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2some exceptions (2). Organic compounds usually are adsorbed with adsorption 
efficiency usually improving with larger molecules and lower solubility. 
Factors such as contact time, temperature, pH, and dosage of carbon 
all influence adsorption.
Previous studies of the production of activated carbon from North 
Dakota lignite by Thelen, Singh, McNally, and Johnson showed that an 
activated carbon could be produced by steam activation which compared 
favorably with Darco, an activated carbon made from Texas lignite by ICI 
United States Inc. (3,4,5,6).
The scope of the present study is concerned with using carbon dioxide 
as the activating agent for a char derived from North Dakota lignite in 
a fixed bed reactor with emphasis on residence time, carbonization 
temperature, and activation temperature effects on the activity of the 
carbon when used in a liquid system. The characteristics of granular 
activated carbons produced from mixtures of powdered North Dakota lignite 
and bentonite were also investigated. A series of tests was performed 
to evaluate the activity and durability of test carbons. Test results 
were compared with values obtained from commercial carbons subjected to 
similar tests.
The effect of washing with mineral acids on the final activity 
of the activated carbon was also investigated.
HISTORY OF PRODUCTION AND UTILIZATION OF ACTIVATED CARBONS
Charcoal use, as unactivated, was known by the ancient Egyptians (7).
A papyrus from about 1550 B.C. mentioned charcoal use in medicine. In the 
time of Hippocrates, woodchars were used to treat various ailments. Kehl 
in 1793 discussed the use of char to remove odors from gangrenous ulcers.
The adsorptive powers of charcoal, as such, were first recognized in 
1773 when Sheele described experiments in which certain gases were removed 
from a gas stream. The decolorizing effects of charcoal on solutions were 
discussed by Lowitz in 1785. A few years later wood char was employed to 
purify cane sugar, and in 1808, this process was applied to the newly 
developed beet sugar industry (7).
In 1865, Hunter reported the gas adsorbing power of coconut char. Ten 
years later, Jesse Dubbs patented an artificial charcoal for filtering 
petroleum and leased the patent to Chesebrough Manufacturing Company for the 
manufacturing of Vaseline (8). Other processes for the manufacture of acti­
vated carbons involved using flour, tar and magnesium carbonate, and paper 
mill wastes and phosphates.
In 1900 and 1901 R. Ostrejko patented processes which led to the 
development of modern commercial activated carbons (7,9). The processes 
involved were:
(1) the use of metallic chlorides for pretreatment of carbona­
ceous materials,
(2) selective oxidation with carbon dioxide at elevated temperatures, 
and
(3) formulation of active carbon using steam.
3
4Production became significant in Holland around 1911 and in Germany 
about 1913. Companies producing activated carbon in the United States 
started manufacturing granular carbons for adsorption of gases for use 
during World War I as powdered carbons were unsuitable for this application.
From 1917 to 1923, American production of carbons for liquid-phase 
adsorption grew rapidly. New grades of activated carbon were manufactured 
from a caustic cellulose containing waste-liquor called "black ash", a by­
product of pulp and paper operations in Virginia and West Virginia, and 
from lignite in the Texas-Louisiana area. These activated carbons were 
predominantly used in sugar refining and later around 1929 for control of 
taste and odor in water (9). Treatment of industrial wastewater with 
granular activated carbon began in the United States, England, and Germany 
during the early 1960's. The development of high surface area carbons 
that could be reactivated made adsorption economically practical for 
removing dissolved organic contaminants from wastewater (10).
In the late 1960's 90 percent of the activated carbon in the United 
States was made by three companies: Atlas Chemical Industries, Inc., 
currently ICI United States Inc.; Westvaco Corporation ; and Calgon 
Corporation. Total production in 1968 was estimated at 187 million pounds 
of activated carbon of which 40 million pounds was believed to have been 
granular activated carbon. The two largest users of activated carbon, 
accounting for 56 percent of domestic consumption, were municipal water 
purification and sugar processing. Table 1 shows the consumption 
pattern for activated carbon in 1968 (11).
5From 1968 to 1976, there was little growth in the activated carbon 
industry but it is expected to grow 5 percent annually until 1981 (12).
The companies producing activated carbon in the United States are 
listed in Table 2 together with material utilized.
\
6Table 1
Consumption Pattern for Activated Carbon
Application
Municipal Water Purification
Corn Sugar Decolorization
Gas Adsorption
Cane Sugar Decolorization
Dry Cleaning
Reclaimed Rubber
Pharmaceuticals
Industrial Water Purification
Beet Sugar Decolorization
Fats and Oils
Electroplating
Miscellaneous Liquid-Phase 
Applications
- 1968 (11) 
Consumption % Market Value %
26 15
21 16
9 22
7 6
5 4
5 3
4 7
3 3
2 2
2 2
1 1
15 19
Table 2
Activated Carbon Producing Companies 0 1)
Company and Plant Location Raw Material
American Norit Company, Inc. wood
Jacksonville, Florida peat
ICI United States lignite
Marshall, Texas wood
Calgon Corporation 
Catlettsburg, Kentucky 
Pittsourgh, Pennsylvania
Union Carbide Corporation 
Fostoria, Ohio
bituminous coal 
coconut shells
petroleum base 
residues
Westvaco Corporation 
Covington, Virginia
sulfate pulp mill 
residues (black ash) 
bituminous coal
Witco Chemical Company, Inc. liquid petroleum
Petrolia, Pennsylvania fractions
MANUFACTURING OF ACTIVATED CARBON
Amorphous looking powder may be composed of crystals of submicro- 
scopic dimensions. These so-called crystallites exist in amorphous carbons 
such as cokes, chars, and activated carbons. The crystallites are formed 
by two or more flat plates of carbon arranged in a hexagonal lattice stacked 
one above the other. The size of the crystallites is influenced by the temp­
erature of carbonization and to some extent by the composition and structure 
of the raw material.
All activated carbon is prepared by carbonizing (pyrolysing) organic 
raw material. Carbonization is the heating of a carbonaceous material in an 
inert atmosphere to thermally decompose that material. The pores at this 
stage are either too small or too constricted for use as an effective adsor­
bent. Chaney and others report that carbonization temperatures below 1100 °F 
are preferred for the production of chars suitable for steam activation but 
there are exceptions (7).
The raw carbonaceous material can be of many types; the selection is 
largely determined by the purpose of the end product and technology each 
company has developed. Generally wood, peat, lignite, bones, and sulfate 
pulp mill waste (black ash) are used as raw materials in the manufacture 
of carbons for liquid treatment, and coconut shells, coal, peat and petro­
leum residues are used to produce gas-adsorbent carbons. Most producers 
consider information concerning their method of treatment proprietary. 
Regardless of special process refinements there are essentially two basic 
methods of activation; high temperature oxidation or chemical processing.
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8The high temperature oxidation process is used predominantly in the 
United States. In this process, which is endothermic and easier to control, 
the material is first carbonized at a temperature of about 1100 °F to 
eliminate volatile matter and then oxidized with steam or carbon dioxide at 
temperatures between 1650 and 1850 °F until the desired degree of activation 
is achieved. At these activation temperatures, the rate determining factor 
is the chemical reaction which takes place at the internal surface of the 
carbon. Below 1650 °F the rate of reaction is too slow to be economical, 
and at temperatures in excess of 2000 °F the reaction becomes diffusion 
controlled and the reaction is mainly at the outer layer of the carbon 
particles (13).
Oxidation by air, steam or carbon dioxide burns away hydrocarbons 
adsorbed during carbonization. Oxidation also increases the surface area 
and enlarges the pore volume by burning away carbon atoms from the walls 
of open pores, and by perforation to expose internal pores.
In the continuous fed, rotating or multiple hearth furnace, steam 
(or other reactants) and residence time are adjusted to obtain 30 to 60 
percent loss in weight . After activation, the material is crushed, 
ground, graded, sometimes acid and/or water washed to remove soluble ash 
components and dried.
Where chemical activation is used the raw material is generally a 
low-density cellulose containing material that can be treated by soaking 
in a solution of typically strong dehydrating agents. Phosphoric acid and 
zinc chloride are commonly used but magnesium chloride, potassium sulfide, 
potassium thiocyanate, and ammonium chloride have also been employed. These 
chemicals swell the raw material and open up capillary structures. It is 
then carbonized at low temperatures of around 750 to 900 °F. On carbonization,
9the chemical acts as a support, preventing shrinkage. Presence of the 
chemical also reduces tar formation which leads to higher yields of 
solids. The resulting plastic mass is formed into blocks which are rough 
crushed, calcined, cooled, washed to remove and recover the activating 
chemical, dried and finally, sized. The product is sometimes further activa­
ted using steam to impart special properties.
Activated carbons are produced in both powdered and granular forms. 
Powdered carbon is used only for liquid phase adsorption and is usually 
mixed with the liquid to be purified. Granular carbon is used in fixed bed 
columns and the fluid is passed through it. Granular carbon can be used 
to purify both gases and liquids. Generally, to make the treatment process 
feasible, the carbon must be recoverable and regenerated.
Briquetting is sometimes used in the production of granular carbons. 
Fieldner, et al. found that briquetts made using pitch are very strong 
and satisfactory (14). The amount of pitch required for briquetting varies 
(25 to 40 percent) with the nature and fineness of the material to be 
briquetted. Another method of forming briquetts consists of making a 
suitable blend of caking coal with other noncaking materials such as high 
rank coals (anthracite, carbon black, etc.).
SURFACE PROPERTIES OF ACTIVATED CARBON
Adsorption
Adsorption is a process in which a surface accumulates and retains 
molecular or ionic species. Adsorption can be explained in terms of surface 
tension of the solid molecules. The interior molecules of the solid are 
exposed to weak interactions, such as dipole-dipole interactions, in all 
directions while those molecules at the surface are exposed to unbalanced 
interactions, that is, the interaction that would have resulted from another 
similar molecule has been eliminated. This resulting inward force can only 
be satisfied if other molecules, usually liquid or gas, become attached to 
the surface. The attractive forces are the same as those responsible for 
surface tension and condensation in liquids. The magnitude of these forces 
depends on the nature of the surface and types of molecules in the fluid. 
Such forces are relatively weak and are called Van der Waal's forces (13). 
Adsorption due to these forces is termed physical adsorption. The adsorbed 
molecules are easily released or desorbed. Chemical bond formation with 
surface molecules, called chemisorption, involves stronger forces and the 
process is irreversible. Sorption is a general term for both physical and 
chemical adsorption. Some of the thermodynamics of adsorption of gases such 
as benzene, xenon, nitrogen, and krypton, were discussed by Dubinin in his 
work on active carbon (15).
Surface Area
The surface area of carbon may be determined by the Brunauer, Emmett, 
and Teller (BET) method (7). The volume of nitrogen gas adsorbed at 
liquid nitrogen temperature (-320 °F) is measured at various pressures.
A plot of volume adsorbed versus pressure at constant temperature is called
10
nan adsorption isotherm. By application of the BET equation to the isotherm 
it is possible to calculate the volume and, hence, the surface area of a 
monolayer of nitrogen. The Harkins-Jura gas method, and iodine adsorption 
are other methods which can be used to given approximations of surface 
area (16).
The internal pore area in one gram of activated carbon may range from 
500 to 1500 square meters. Other factors influencing adsorption include:
(1) the particle size of the carbon which affects the rate of 
adsorption,
(2) temperature affecting both the rate of diffusion and the final 
adsorption equilibrium, and
(3) the pH of the liquid.
Due to high porosity, activated carbon is one of the few rigid 
solids that can provide extremely high surface area at low cost. In general, 
activated carbon is a poor adsorbent of inorganic electrolytes.
Pore Structure
The main distinction between gas adsorbing (vapor phase) and decolor­
izing (liquid phase) activated carbons is in pore size distribution.
The submicroscopic structure of activated carbon is not known with 
certainty, but is probably composed of amorphous particles randomly dis­
tributed to give a complex network of irregularly shaped and partly 
interconnected passage between the particles.
Pores in activated carbons can be divided into two distinct classes in 
respect to size. The more important pore system, since it contributes nearly 
all the surface available for adsorptive purposes, is the smaller or 
"micropore" system, which is largely the product of the activation process. 
Larger capillaries "called macropores" depend more on the raw material and 
preliminary manufacturing process such as grinding and agglomeration of raw
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material. Though macropores contribute little to the surface area, they 
provide necessary avenues to the interior of the gross carbon particle.
Micropores may be arbitrarily defined as pores whose diameters range 
from 10 to 1000 8, and macropores are those pores greater than 1000 8 in 
diameter. To determine the pore size distribution between 10 and 1000 8 
the water desorption isotherm is employed and pore sizes from 1000 to 
100,000 8 are determined using mercury displacement, helium displacement 
and mercury penetration data (16).
If the chemical nature of the surface is assumed to be similar for 
all activated charcoals, regardless of source, the adsorption properties 
of activated carbon may be mainly attributed to surface area and pore 
structure.
Kadlec et al. reported different characteristics of pore growth 
by comparing pores produced by zinc dichloride activation with those produced 
by steam activation. From microscopic examination they concluded that 
zinc dichloride produced "bottle shaped" pores while steam produced 
"conical" pores which were larger at the pore mouth (17).
Fass observed that at high temperature (1650 °F) the small pores 
burned faster relative to the larger pores. At lower temperatures 
(1470 °F) small pores burned at a rate equivalent to the burning rate of 
the larger pores. Another characteristic of the burning noted was in the 
macropore system where material constricting pores appeared to burn faster 
than the material composing the bodies of the pores. In the intermediate 
pore system, there was some evidence of single crystal-burning to produce 
pores of the same size as the carbon crystallites (17).
For a zinc-chloride activated wood-charcoal and an unactivated coke 
from briquetted coal, the macropore volume was a small fraction of the
/
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total, but the decolorizing carbon, Darco G, had a third of its internal 
volume in pores of macropore size. Most carbons have an adsorbing area 
of 1500 square meters per gram with the macropores contributing only 
about three square meters per gram (18).
Molecular Screening
Pore size distribution data indicate the major contribution to 
surface area is located in pores of molecular dimensions. A molecule, 
because of steric effects, will not readily penetrate into a pore smaller 
than a certain critical diameter and will be excluded from smaller pores. 
Thus, molecules are "screened out" by pores smaller than a minimum diameter 
which is characteristic of the adsorbate and related to molecular size. For 
any molecule, the effective surface area for adsorption can exist only in 
those pores which the molecule can enter. Two pieces of evidence favoring 
the molecular screening concept are:
(1) the development of adsorptive capacity for successively 
larger molecules as activation proceeds, on the assumption 
that activation affects the progressive enlargement of small 
pores.
(2) the separation of gases and vapors of varying molecular size 
by the process of selective adsorption by so called "molecular 
sieves".
When more than one adsorbate is present in solution there will be 
competition for available surface. Molecular screening occurs when the 
available surface may not be the same for each molecule leading to pre­
ferential adsorption of a particular adsorbate within a narrow pore size
range.
14
Isotherms
The equilibrium relationship between the concentration of an organic
material adsorbed on the surface of carbon and the concentration of that
material in the surrounding solution is given by an expression known as the
Freundlich isotherm equation:
X/M = kC1/n (1)
X/M = concentration of the organic in the -adsorbent, mg/g 
C = concentration of the organic in the solution, mg/1 
k,n = constants.
Since k and n vary with temperature, plots of the equation at constant 
temperature are known as adsorption isotherms (7). Such relationships are 
determined in the laboratory through tests on individual portions of activa­
ted carbon. For data collected at identical temperatures, an isotherm is 
formed when X/M is plotted against C. If the plotting is done on logarithmic 
paper, the isotherm will generally be a straight line over a wide range 
of concentrations. These plots are useful in determining the amount of 
carbon needed to remove an amount of the contaminant for which the isotherm 
is prepared.
Effect of Noncarbon Elements
The development of specific properties of activated carbon is affected 
by the presence of mineral salts and noncarbon substances. One view of the 
action of the mineral salt during carbonization is that they provide a 
skeleton on which the carbon is deposited with the formed carbon becoming 
bonded by adsorption forces to the mineral elements. When the mineral
s
ingredients are subsequently dissolved by acid or water, the exposed 
carbon surface becomes free to attract other substances.
The presence of certain inorganic substances (7) increases the yield
«
of char suggesting that the presence of substances may alter the course of
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the pyrolysis reaction yielding less tarry products. This is evident when 
dehydrating salts are used (7). Zinc chloride causes hydrogen and oxygen 
atoms in the source material to be stripped away as water rather than as 
hydrocarbons or as oxygenated organic compounds.
Another possible mechanism is suggested by the work of Berl (7) who 
found evidence that some elements such as potassium can penetrate between 
hexagonal plates of the crystallites and spread them apart, enabling reaction 
to occur at surfaces otherwise unexposed.
It is at least possible that many of these strongly held foreign ele­
ments provide adsorptive bonds. Support of this view is found in the fact 
that specific adsorptive and catalytic properties have been traced to the 
presence of oxygen, iron, and nitrogen. The influence of noncarbon atoms may 
extend to adjacent carbon atoms in a manner analogous to the way in which 
polar groups introduced into an organic compound affect the chemical proper­
ties of remote atoms. (7)
Active Centers
The theory of active centers developed by researchers in the field of 
contact catalysis consider that every adsorptive power does not exist on 
all portions of a surface. Instead, many specific powers are localized 
in separate subdivisions or patches called "active centers". The surface 
atoms on these centers are arranged in patterns having specific affinities. 
The theory of active centers also furnishes an explanation of the influence 
of prior history on subsequent stages of activation. Each stage of carbon 
development not only has an immediate effect but the pattern then set is 
subsequently altered by following stages of activation. This action is 
analogous to the chemical process that involves successive stages or 
reactions for the production of the end product.
OPERATIONAL PROCEDURES AND EXPERIMENTAL EQUIPMENT
Carbonization
A 4.7 liter steel container and a 9000 watt heater manufactured by 
Industrial Heater Co., shown in Figure 1, was used for the carbonization 
procedure. Two liters of sized lignite were delivered to the container 
and covered with a lid fitted with the following:
(1) a thermocouple well
(2) purge inlet
(3) exhaust outlet
By connecting the heater to the controls of the Burrel Electric 
Furnace the desired temperature of the container was attained and maintained 
constant. An eight point Honeywell recorder was used to record the tempera­
ture of the inside wall of heater and of the lignite via the thermocouple 
well. Chromel-alumel thermocouples were used to measure temperature.
In order to maintain an inert atmosphere in the container a 
flow rate of nitrogen was supplied from a nitrogen cylinder. The 
flowrate was controlled using a needle valve on the Manostat flow meter 
assembly.
About four hours were required to obtain the desired temperature 
in the container. The moisture and volatile matter, which composes a 
considerable percentage of the lignite weight, requires significant 
amounts of energy for volatization. Consequently, the long heat up period 
was required for the equipment employed. After the desired temperature 
was attained, the temperature was maintained constant for four hours to 
assure complete devolatization of the sample. The heater and container 
were allowed to cool to room temperature under nitrogen purge.
16
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Activation
The reactor shown in Figure 2 was used for the activation. The 
reactor is fitted with a porous plate to retain the carbonized sample.
The exhaust gases were released through the outlet at the top. Chromel- 
alumel thermocouples were used for measuring temperature in the thermo­
couple wells of the reactor and of the wall of the Burrel Tube Furnace.
The Burrel Tube Furnace was used for heating the reactor. These tempera­
tures were recorded using the Honeywell eight point recorder.
Forty grams of a suitable char were placed in the reactor, a nitrogen 
purge was established and power was supplied to the heater. When the 
desired temperature was attained the nitrogen purge was replaced by carbon 
dioxide at a flow rate of 2.8 liters per minute (STP) as measured by a wet 
test meter. After activating for the desired time the flow of carbon 
dioxide was terminated and the nitrogen purge was resumed. The reactor 
and the furnace were allowed to cool to room temperature while maintaining 
the nitrogen purge.
Granular Carbon Production
The study on the production of granular activated carbon was performed 
on mixtures of Gascoyne lignite and bentonite. Various mixtures were 
pressed into pellets at a pressure of 6500 psi. The pellets were carbonized 
at 1200° F for four hours, ground with mortar and pestal to pass through 
a number 8 U.S. Standard Sieve Series. Twenty grams of each sample were 
activated at 1850° F for thirty minutes. A granular carbon was prepared 
from Baukol-Noonan lignite by grinding to pass through a number 8 sieve, 
carbonizing at 1200° F and activating forty grams for sixty minutes 
at 1850° F.
Heater and Container for Carbonization
Figure 1
Figure 2
Reaction Tube for Activation
18
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The activated samples were tested for durability and methylene 
blue adsorption.
Durability Test
A breakage test was performed to test durability. This was 
accomplished using a plastic cylindrical container (height-5 cm, 
diameter-2.6 cm) with a snaptight lid filled half-full with a sized sample.
The sized sample was prepared by retaining the -8 X 30 U.S. Mesh 
portion.
The breakage of the sample was accomplished by dropping the plastic 
container with the sample through a glass tube (height-130 cm, diameter- 
3.5 cm) into a porcelain mortar. The container was dropped a total of 
25 times inverting the container each time. The percentage of the sample 
passing through a number 30 sieve was then determined and reported as 
percent breakage.
EVALUATION METHODS AND PROCEDURES
General
In testing of carbons it is desired to use substances that will 
accurately represent the situation in which the carbons will be employed. 
Screening tests can be incorporated to eliminate the carbons of lower 
potential. Carbons rated high in one test may not be indicated effective 
in another type of test. Results also may not be directly transferable to 
the actual process applications; consequently, activated carbons should be 
tested under specific circumstances of application before final selection.
Some of the methods of evaluating gas adsorbent carbons are heat of 
wetting, heat of adsorption, Chaney Activity Test, measurement of odor 
concentrations, and carbon tetrachloride activity and retentivity (7).
Liquid phase carbons are further divided into categories of color 
removal and taste or odor removal. Numerous color removal tests have 
been developed including; the molasses test, the caramel test and various 
dye removal tests such as methylene blue, malachite green and poneau red.
All of the color tests measure activity by measuring the percent 
removal from a stock solution by one gram of carbon.
It is estimated that the minimum pore diameter of 10 8 is required 
for the adsorption of iodine whereas methylene blue requires a diameter 
of 15 8. For liquid phase adsorption of taste and odor bearing compounds 
in water, a pore radius smaller than 20 8 is required (6).
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Three tests were selected for evaluation on the basis of ease with 
which the tests could be performed and application of the test to certain 
applications. The heat of wetting test is used primarily to evaluate gas 
carbons while the iodine test is applied to both gas and liquid phase car­
bons and the methylene blue is essentially a liquid phase carbon test.
Heat of Wetting
The heat of wetting is often used as a guide to the relative gas 
adsorbing power of carbons, a higher heat of wetting being associated with 
greater gas adsorbing power. Generally, heat of wetting is determined by 
placing a dry, weighed portion of the activated carbon in a liquid, such as 
benzene, and measuring the resulting rise in temperature. The results are 
reported as calories per unit mass of adsorbent.
A silvered cylindrical Dewar flask was used as the calorimeter, with 
a Beckman thermometer indicating the initial and final temperatures of the 
liquid. Benzene was selected as the liquid because of availability and a 
fairly high heat of wetting.
The heat capacity of the assembly was determined by the heat of 
neutralization of dilute sodium hydroxide and hydrochloric acid solutions 
using the value of the heat of neutralization of -13.36 kcal per gram-mole 
at 25 °C (19). The heat capacity was found to be 15.19 cal per °C.
One hundred milliliters of benzene were delivered into the calorimeter 
and when equilibrium was obtained the temperature was recorded. A dried and 
weighed sample of carbon was added to the calorimeter and the thermometer 
was used to slowly stir the contents until an equilibrium temperature was 
reached. This temperature was then recorded, and the benzene filtered
for reuse.
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The heat of wetting of the carbon is calculated by using the following 
formula:
Q = (Tr/m)(H + 36.82 + 0.17m) (2)
where
Q = heat of wetting cal/gram
Tr= temperature rise °C
m = mass of carbon sample grm
H = heat capacity of the calorimeter, 15.19 cal/°C 
0.17 = approximate specific heat of benzene, cal/grm-°C 
36.82 = heat capacity of benzene times the weight of benzene used, cal/°C 
From the temperature rise and the mass of carbon used, the heat of 
wetting could be calculated.
Iodine
The iodine test used a 0.1 normal stock solution prepared by dissolving 
12.7 grams of reagent-grade iodine and 19.1 grams of potassium iodide 
in a small quantity, approximately 20 ml of distilled water (if excess 
water is used the materials will not go into solution) and diluted to one 
liter. The stock solution was kept in dark bottles and in a cool place to 
prevent possible deterioration and it was used within a week of preparation.
A weighed sample of activated carbon was placed into a 250 ml flask 
and 10 ml of 1.5 normal hydrochloric acid added. The contents were swirled 
until the carbon was wetted, heated to boiling for 30 seconds, and cooled 
to room temperature. Standardized 0.1 normal iodine (100 ml) 
was added to the flask, and the mixture was stirred for 5 minutes when 
using powdered carbon or for 15 minutes for a granular carbon. The contents 
were filtered using a Buchner funnel containing a wetted number 1 filter 
paper and the first 10 to 20 ml of filtrate was discarded.
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Fifty milliliters of the filtrate were titrated with standardized 
0 .1 normal sodium thiosulfate ( ^ 2 5 2 0 3) until the yellow color almost 
disappeared. Several drops of starch solution were added and titration 
was continued until the blue indicator color disappeared. The volume of 
sodium thiosulfate was recorded. The milligrams of iodine adsorbed per 
gram of carbon (X/M) was obtained using the following formula:
X/M = [A - (2.2 x B x V)]/m (3)
where
A = normality of iodine solution x!2693 mg/mole mg
2.2 = factor obtained from titrating 50 ml of initial 100 ml of
stock solution and 10 ml of acid 
B = normality of ^ 5 2 0 3  x 126.93 mg/ml
V = volume of Na2S203 ml
m = weight of carbon sample grm
X/M = milligrams iodine adsorbed per gram of carbon
Methylene Blue
The amount of methylene blue in the solution and filtrate was 
determined spectrophotometrically. The maximum' adsorbance of methylene 
blue was determined by plotting wavelength versus absorbance, shown in 
Figure 7, Appendix B, and occurred at 642.5 mp . The wavelength of 640 mp 
was chosen for convenience in selector positioning. In order to relate 
the concentration to absorbance the following relationship was used:
A = (a)(b)(c) (4)
where
a = absorptivity 
b = cell path length 
c = concentration 
A = absorbance
1 /mg-cm
cm
mg/ 1
unitless
The absorptivity was determined by preparing a series of methylene 
blue solutions of known concentration and determining the absorbance of
I
I
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these solutions. The absorbance cell was a quartz cell with a path length 
of one centimeter. The absorbance at 640 mjj was plotted against concen­
tration (figure 8 , Appendix B) to find the slope of the line or the 
absorptivity. Using linear regression, the value obtained for the 
absorptivity was 0.137 1/mg-cm.
For evaluation a sample of carbon was weighed into a 250 ml flask, 
stock solution (100 ml) was added, and the mixture was stirred for 15 
minutes if a powdered carbon or 45 minutes if a granular carbon was used. 
The solution was filtered using a suction flask, Buchner funnel, and 
number 1 filter paper with the first 10 to 20 ml being discarded. The 
filtrate was then diluted until the absorbance was between 0.05 and 0.8. 
The filtrate concentration was then found using the dilution factor, 
absorptivity, and path length of one centimeter. To find the milligrams 
of methylene blue removed per gram of carbon (X/M) the following equation 
was used:
X/M = [S - (C x D)]/(m/V) (5)
where
S = concentration of the stock solution mg/1
C = concentration of diluted filtrate mg/ 1
0 = dilution factor unitless
m = weight of carbon sample grm
V = volume used - .1 liter
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A factor which could introduce error in dye adsorption is the pH of 
the solution. For certain dyes such as alizarin red and ponceau red 
the solutions must be buffered to a specific pH. To determine the effect 
of pH on the adsorption of methylene blue Johnson tested acid-neutralized 
and as-activated Beulah active carbon samples for methylene blue adsorption 
and noticed essentially no difference (6).
Acid Wash
In order to remove the soluble factions a sample of char was washed 
with various concentrations of hydrochloric and hydrofluoric acid, a typical 
run would involve adding 10 ml of acid per gram of carbon in a plastic 
beaker and placing the beaker in a constant temperature bath at 140 °F 
for a desired period of time. The sample was transferred to a Buchner funnel 
containing a wetted number 1 filter paper of the proper size. Vacuum 
was applied to the side arm flask into which the funnel had been inserted. 
After all the sample had been washed into the funnel 50 ml of boiling 
water was used to rinse the sample. The procedure was repeated using a 
different acid or transferred to a weighed porcelain crucible and ashed.
The ashing was performed by placing approximately 2 grams of the 
sample in a muffle furnace, heating to 1200 °F and maintaining that 
temperature for one hour. It was then cooled to room temperature and 
weighed. The various ash removal trials and their ash contents was 
listed in Table 7, Appendix A.
EXPERIMENTAL DESIGN AND MATERIALS USED
A Latin square experimental design was used to test the effects of 
carbonization temperature, activation temperature, and residence time. 
This design has the advantage of testing the significance of the three 
variables with a minimum number of tests. Such a design eliminates from 
the errors differences among columns as well as differences among rows.
To form a Latin square design one variable is assigned to rows, the 
second to columns and the third to treatments. The table for the design, 
shown in Table 3, used a column permutation in its arrangement. A 
discussion of the design and of calculations is given by Bethea (19).
Table 3
Latin Square Design
Activation
Time (min.) Temperature of Activation °F
1450 1650 1850 2050
15 A D C B
30 B A D C
45 C B A D
60 D C B A
Temperature of Carbonization 
A- 900 B- 1050 C- 1200 D- 1350
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The sample numbering was derived from the sample's position in the 
Latin square design. For example, sample B in the second row had an 
activation time of 30 minutes or 2 x 15 and is positioned in the first 
column with an activation temperature of 1450° F. The value indicates 
that the carbon was made from lignite carbonized at 1050° F. This sample 
would be labeled B21. If the activation time was increased to 90 minutes 
(6x15) the sample would be labeled B61.
Following the determination of the effects of carbonization tempera­
ture, activation temperature, and residence time, determination of the 
conditions of the optimum carbon were desired. Observation of the results 
of the Latin square suggested an optimum activation temperature of 1850° F 
for a char made at 1200° F. The carbon series Cl3 through Cl23 were used 
to find the optimum residence time. The choice of activation temperature 
was verified by the preparation of samples C62-3 and C63-4 which were acti­
vated at 1750 and 1950° F respectively.
The effect of activating using a 15 percent carbon dioxide and 85 
percent nitrogen mixture was investigated using samples C4mix, C8mix, 
and C12mix.
Sample ZC63 employed a char prepared from Zap lignite to determine 
whether there is a significant difference in the activity due to lignite 
source.
Samples C63 and C83 were acidwashed and evaluated to determine the 
effects of ash removal.
Materials Used
The lignites used in the experimentation were pulverized samples 
obtained from Project Lignite and an unground sample from the Grand Forks
l
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Energy Technical Center. The lignite used for a majority of the tests came 
from the Gascoyne, North Dakota mine of the Knife River Coal Company and 
the other samples from the Zap, North Dakota mine of North American Coal 
Company and the Baukol-Noonan mine near Larson, North Dakota. The proximate 
analysis of the lignites used is presented in Table 8 , Appendix A.
RESULTS AND DISCUSSION
General Discussion
The effects of residence time, activation temperature and carboni­
zation temperature, when studied using the Latin square design at a 
significance level of 0.05, were all found to be significant. The calcula­
tions and results for the Latin square are presented in Table 9, Appendix A. 
Previous studies of the activation of North Dakota lignite by Johnson noted 
that the effects of residence time and temperature of activation were 
negligible while McNally noted that the effects of residence time and 
temperature of activation were significant (6,5). The reason for the 
differing results is the difference in the range of residence times and 
activation temperatures studied.
A complete listing of all results of the iodine, heat of wetting and 
methylene blue tests are presented in Table 6 , Appendix A.
Maximum Adsorption Carbon
Iodine numbers for carbons, prepared from Gascoyne lignite by 
carbonizing at 1200° F and activating at 1850° F for various residence 
times, are presented in Figure 3.
It was noted the carbon activated for 120 minutes (C83) had an 
iodine adsorption approaching that of Calgon Cal. Further treatment 
with acid washing produced an active carbon (C83 acid washed, Table 6 
Appendix A) superior to Calgon Cal but lower in iodine adsorption than 
the other commercial carbons.
Figure 4 shows that adsorption of methylene blue by carbons acti­
vated for 90 to 120 minutes (C63 to C83) matched the adsorption of 
Darco G-60 and Norit A and was superior to Calgon Cal and Linde LCK. When
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Iodine Adsorption Versus Residence Time
Figure 3
30
31
methylene blue is representative of the adsorption desired, carbons 
activated with carbon dioxide would be of suitable quality. Acid washing 
did not appreciably change the adsorption of methylene blue per gram of 
sample.
During the first 45 minutes of resistance time, the increase in 
the activity may be due to the opening of pores which had been developed 
during the carbonization, process. Later there is a decrease in the number 
of pores that can be developed resulting in a slower increase in activity. 
Johnson and McNally produced carbons using steam for an activating agent, 
that exhibited adsorption for iodine greater than that exhibited by the 
Darco grades to which they were compared. The use of different grades 
of Darco for comparison may reduce the significance of the comparisons 
between the results of different studies. But the fact that the residence
Figure 4
Methylene Blue Adsorption Versus Residence Time
Residence Time - minutes
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times of carbons produced by Johnson and McNally were less than 30 minutes 
whereas the maximum adsorption for the carbons produced in this survey 
was not reached until 120 minutes of residence time would indicate the 
advantage of steam as an activating agent.
When compared using the heat of wetting test, a carbon was produced, 
with a residence time of 60 minutes, that was comparable to the Darco 
tested but inferior to the other commercial carbons. The results of the 
heat of wetting test are presented in Figure 5.
During the same span of activation time the increase in the adsorption 
of methylene blue was minimal. It would seem that over this time period 
a change in carbon structure was reducing the availability of the pores for 
the adsorption of methylene blue. Correspondingly an increase in the surface 
accessible by benzene, the solution used for heat of wetting, was realized.
Figure 5
Heat of Wetting Versus Residence Time
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This would suggest a high rate of development of pores that admit benzene 
but a slow rate of development of pores that admit methylene blue. Some 
of these pores that adsorb benzene could be formed from pores that pre­
viously adsorbed methylene blue. This could be accomplished by formation 
of crystallites in openings once accessible by methylene blue molecules.
Activation with Carbon Dioxide-Nitrogen Mixture
The purpose of this study was to determine the suitability of stack 
gases from combustion facilities for the activation of carbons. Using a 
15 percent carbon dioxide-85 percent nitrogen mixture, carbons produced at 
several residence times were produced and tested. The carbons obtained 
from this series gradually increased in activity reaching a maximum at a 
residence time of 120 minutes (Figure 6). When tested for iodine adsorption, 
the activity was lower than carbons activated only with carbon dioxide.
A similar result was obtained for the adsorption of methylene blue.
Data presented in Figure 6 indicates that maximum adsorption of both 
methylene blue and iodine occurred at an activation residence time of 
120 minutes with a C02 partial pressure of 0.15 atmospheres. Maximum ad­
sorption was also obtained at 12 0 minutes of activation time at a C02 partial 
pressure of 1.0 atmosphere. This data is indicative that optimum pore 
development is primarily a function of residence time rather than the con­
centration of C02, although greater adsorptivity was obtained at the higher 
C02 partial pressure. Additional time under activation conditions actually 
decreased adsorption effectiveness. Activation at other pressures of 
C02 could be used further to verify this.
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Figure 6
Carbon Dioxide-Nitrogen Mixture Versus Residence Time
Ash Removal
The removal of ash is important in the production of high grade 
carbons such as those used in the pharmaceutical industry. The removal 
of ash is desirable when it adds unnecessary weight, introduces 
substances into the solution being treated, or doesn't contribute to 
the activity of the carbon. Table 7 in the appendix tabulates the 
different procedures of acid treatment performed on the carbons.
Table 4 presents the activities of two samples, before and 
after acid washing, for iodine and methylene blue adsorption. With 
the iodine there was an increase in adsorption presumably due to the 
acid washing procedure. But when making the same comparisons on 
a moisture-ash free basis, a decrease in the activity of the carbon 
was noted indicating a contribution to the activity of the carbon by 
the ash or a loss in the number of active sites because of the treat­
ment with acid.
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When comparing adsorption of methylene blue there was little change 
noted indicating that the adsorption of substances having similar properties 
to methylene blue would not be changed by removing ash.
Under the most severe removal treatment the minimum ash content 
was approximately 0.8 percent of the active carbon. Hydrofloric acid was 
used to break down the silica structure to maximize the removal of ash.
The ash remaining was possibly surrounded by the carbon structure thus 
eliminating the possibility of contact with acids and solutions. Palmer 
had found it possible to reduce ash content of Southland coal to 0.35 
percent on a dry basis (2 0).
Table 4
Activity of Acid Washed Carbons
Sample Iodine Methylene Blue
as-activated maf as-activated maf
C63 385.07 613.07 110.93 176.61
C63 465.4 543.06 95.77 111.75
acid washed - 1  . -
C83 472.51 881.06 109.50 204.18
C83 585.9 695.02 109.79 130.24
acid washed
Granular Carbon formed with Lignite-Bentonite Mixture
Tars, naturally and from thermal breakdown of lignite when further
thermally degraded can form bonds to other surfaces. It is also possible
that formation of bonds between carbon and silicon may provide a durable
structure. An example of residual carbon bond formation would be the material
that adheres to the surfaces of a conventional oven.
The durability of the prepared lignite-bentonite mixtures, when
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compared to commercial carbons and the carbon prepared from Baukol- 
Noonan lignite, was lower as shown in Table 5. The poor structure could 
possibly be resolved by using caking coals, a procedure mentioned by 
Fieldneret al. for the production of briquetts (14) and temperatures 
sufficient to yield molten bentonite to form a bonding between the carbon 
and the silicon.
Table 5
Durability of Mixtures, Commercial Carbons, and Granular Lignite
Sample Percent Breakdown
0 mix 23.7
10 mix 52.9
20 mix 66.3
30 mix 71.1
40 mix 51.6
60 mix 14.1
Baukol--Noonan 7.2
Calgon Cal 1.51
Linde LCK 0.18
CONCLUSIONS
Test results and observations from the present investigations 
support the following conclusions:
1. Activations of North Dakota lignite using carbon dioxide
is possible but is not generally as effective as activation using steam.
2. An activated carbon was produced from North Dakota lignite by 
activation with carbon dioxide. Adsorption of methylene blue by test 
carbons C63 and C83 was equivalent or superior to the commercial 
carbons tested.
An acid washed carbon (C83) had an iodine adsorption comparable 
to Darco G-60 and better than Calgon Cal.
3. Activation temperature, carbonization temperature and residence 
time were found to be significant for the range tested.
4. The overall residence time has a significant effect on the 
optimum adsorption characteristics of the carbon.
5. The use of lignite-bentonite mixtures, under the experimental 
conditions, were unsuitable for the production of a granular activated 
carbon.
6 . The removal of ash by acid washing does not always result in 
an increase in the activity per unit weight.
7. The use of carbon dioxide for activation at a partial pressure 
of 0.15 atmosphere was determined to be unsuitable because of the low 
activity of the optimum carbon.
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RECOMMENDATIONS
Investigations in this study were preliminary. The following 
recommendations are suggested for future work:
1. Because of the exhibited maximum adsorption at intermediate 
residence time, additional work, such as increased partial
pressure of the activating agent, should be pursued. This could shorten 
the residence time and/or optimize the activity of the carbon.
2. A study could be made on the effect of ash removal at different 
stages in the process on the final activity of the product. The final 
activity of a carbon acid washed prior to activation would be compared 
with a carbon acid washed after activation.
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APPENDICES
Appendix A
Tables of Experimental Results and Analysis
Table 6
Experimental Results
sample percent
ash
iodine
mg/grm
methylene 
blue mg/grm
heat of 
wetting
All 25-9 95-61 4.70
B21 25.9 82 A 5 4.17
C31 28.1 279.29 7-83
D4l 27.4 1 6 1 . 7 6 7.31
D12 2 7 . 8 163.84 10.18
A22 2 9 . 0 241.69 7.31
B32 28.9 2 8 8 .9 3 9.32
C42 29.1 357.23 10.44
C13 28.9 358.35 10.98
D23 30.9 277.52 7.31
A33 31.6 294.89 8.87
B43 3^-5 3 1 6 . 1 0 14.61
C24 3 2 .0 339-97 9.91
Bl4 2 6 . 7 143.15 4.17
D34 29.4 2 4 7 . 9 9 6.78
A44 35.0 271.44 9-39
C13 25.03 178.07 64.46 8 .0 9
C23 26.33 279.54 25.13 8.09
C33 31-55 359.37 93-81 9-39
c43 31.90 351.25 97.23 13.57
C53 36.05 375.60 102.77 1 2 . 5 6
C63 37.19 399.30 110.93 13.57
G83 46.37 472.51 109.50 11.22
C 103 52.26 333-66 IO8 . 3 6 9-39
G12 3 60.35 160.48 109.99 3-65
C6 2 - 3 4 3 . 3 8 323.63 103.79 7-31
G6 3 - 4 38.70 2 3 8 .3 0 74.29 8 .0 9
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Table 6 continued
sample percent 
ash
iodine
mg/grm
methylene 
blue mg/grm
heat of 
wetting
C4mix 29.1 1 2 8 . 9 6 6 7 . 2 2 3.65
C8mix 29.14- 224.07 88.05 3-91
C12mix 32.7 154.19 57.90 3 .0 0
Char
900 21.53 130.72 1 2 . 0 2
Char
1050
2 3 . 7 0 56.31 1 3 . 1 8
Char
1200
2 2 . 7 2 41.42 6.19
Char
1350 2 5 . 2 2 8 0 .6 6 1 2 . 0 2
C63
acid washed 14.3 465.4 95.77
C83
acid washed 15.7 585-9 109.79
0% mix 29.7 38.96
10% mix 68.24 44.70
20% mix 9 0 . 2 19.30
30% mix 9 6 . 8 1 0 . 9 2
40% mix 9 8 . 8 1 0 . 9 2
60% mix 99-9 7.28
ZC63 18.5 356.06 1 0 9 . 6 8 6 . 7 8
Darco G-60 1.0 679.77 1 1 0 . 8 6 14.35
Norit A 2.5 894 .6 8 1 1 0 . 9 6 16.17
Cal go n Cal 6.7 563.89 87.50 19.31
Linde LCK 1.2 1112.14 68.70 29.74
Table 7
Ash Removal Trials
sample acid
(molarity)
time
(minutes)
ash
(percent)
C33 31.6
C33-1 H2° 60 27.1
G33-2 HG1 (12) 30
HF (24-) 30
HC1 (12) 30 0.8
C33-3 HG1 (2.0) 30
HF (2.2) 30
HG1 (2.0) 60 13.4
C33-4 HF (24) 30 16.7
G63 37-2
C6 3 - 1 HC1 (2.0) 30
HF (2.2) 30
HC1 (2.0) 60 14.3
G6 3 - 2 HG1 (12) 30
HF (24) 60 6.4
C83 46.4
G8 3-I HC1 (2.0) 30
HF (2.2) 30
HC1 (2.0) 60 15-7
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Table 8
Proximate Analysis of Lignites
sample as-recieved moisture moisture
free ash free
Gascoyne moisture 36.70
volatile
matter 41.37 59.90 68.86
fixed
carbon 18.71 27.09 31.14
ash 8.99 1 3 . 0 1
Zap moisture 28.63
volatile
matter 33.57 47.04 51.89
fixed
carbon 31.12 43.60 48.11
ash 6.68 9.36
Baukol-Noonan moisture 34.14
volatile
matter 27.04 41.06 46.32
fixed
carbon 31.34 47.58 53*68
ash 7.48 11.36
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Table 9
Latin Square Calculations and Results
Values for Latin Square
All- 95.61 D12-163.84 C13-358.35 B14-143.15
B21- 82.45 A22-241.69 D23-277.52 C24-339.97
C31-279.29 B32-288.93 A33-294.89 D34-247.99
D41-161.76 C42-357.23 B43-316.10 A44-271.44
Calculation of Sum of Squares
SSI for residence time
981,165.95 - 960,502.90 = 20,663.05
SS2 for activation temperature
1,012,278.85 - 960,502.90 = 51,775.95
SS3 for carbonization temperature
1,003,169.86 - 960,502.90 = 42,666.95
SS total
1,080,021.53 - 960,502.90 = 119,518.63
SS error
SSt - (SSI + SS2 + SS3) = 4,412.67
Sources of sum of degress of mean calculated critical
variation squares freedom square F F 3,6,0.95
residence
time
20,663.05 3 6,887.68 9.36 4.76
carbonization
temperature 42,666.95 3 14,222.32 19.34 4.76
activation
temperature 51,775.95 3 17,258.65 23.47 4.76
experimental
error 4,412.67 6 735.44
total 119,518.62 15
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Appendix B
Figures for Methylene Blue Analysis 
Figure 7
Maximum Absorbance versus Wavelength
Figure 8
Determination of Absorptivity 
Plot of ABsorbance Versus Concentration
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Appendix C 
Table 10
Sample Calculations for Sample C83
Heat of Wetting
(2) Q = (Tr/m)(H + 36.82 + 0.17m)
= (0.215/1)(15.19 + 36.82 + 0.1?) 
= (0.215)(52.18)
= 11.22 cal/grm
Iodine
(3) X/M = [A - (2.2 x B x V)]/m 
A = (0.1009)(12693) = 1280.72 
B = (O.O9 6 9)(1 2 6 .9 3 ) = 12.30 
V = 29.87 ml. N a g S ^  
m = 1 grm
x/m = 4-7 2 . 5 1
Methylene Blue
0 0 A = (a)(b)(c) or c = A/(a)(b)
c = 0.215/(0.1373)(1) = 1 . 5 6 6  mg/l
(5) X/M = [S -(c x D )] / (m/0.11. )
= (1110.7 - (1 . 5 6 6  x 1 0 ))/ (1/0 .1 ) 
= 109.5
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